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Abstract
   The dominance of microstructure on the deformation behavior of a nanowire is a fundamental issue in the practice application of nanodevices. Based onThrough the use of molecular dynamics simulations, the deformation and breaking behavior of convex and concave copper nanowires under uniaxial tension has been studied. Statistical analysis of a large number of independent samples with different microstructure has been carried out and compared to the single-crystal copper nanowire. Without neither the convex nor the concave nanostructure, failure tends to occur at three preferred locations within the wire, although it can occur anywhere. The dislocations that form initially are found to emerge randomly at the edge of the nanowire. For convex nanowires, the initial dislocations are generated randomly outside the convex region with a breaking position distribution otherwise similar to that of single-crystal nanowires. The results indicate that the convex structure may strengthen the nanowire and reduce the breaking possibility. An axial stress analysis shows a stress valley on the profile, revealing the reason for the breaking position distribution. On the contrary, the concave nanowire displays a different character in the mechanical property. From the atomic configuration, it is observed that the edge is the main source of the dislocations, which significantly increase the probability of the breaking position occurring there. The axial stress analysis proves that a stress hump is generated by the concave microstructure, highlighting the influence of the microstructure. The results are in line with what one would expect intuitively and what is seen in macroscopic structures – failure is more likely within thinner sections as stresses are higher there due to the reduced cross-sectional area. These results give point towards a quantitative estimation of the microstructure effect on the breaking distribution of a nanowire.  
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In the process of miniaturization of structures, the proportion of atoms at the surface increases[]. Surface atoms are more chemically reactive due to their low coordination number within this micro-environment and therefore it is easier to generate defects, slips and dislocations under an external stress ADDIN EN.CITE []. This is especially noticeable when the device possesses a complex geometric structure that has more surface atoms that can serve as the source of initial dislocations. 
The design of the specific nanostructure of a material is a key step towards realizing a specific function of any structures made using that material. The introduction of a specific nanostructure affects not only the function, but also influences the materials’ failure as well as the lifetime of the device/structure. Therefore studying the role of the specific nanostructure on the material deformation is of great importance. Theoretical simulation is an approach that has proven to be useful regarding its feasibility in simplification and modelling. To understand the microstructural effect in nanomaterials in practice, cuboid nanowire, convex nanowire and concave nanowires are representative examples[] as shown in Figure 1. Such microstructures are good models to simulate the material deformation and fracture behavior of structures such as microgears[], drive rods[], and suspended nanobeams[]. Compareding to bulk materials, the discontinuity of chemical bonds is more crucial in nanomaterials and therefore, traditional continuum mechanics faces severe challenges. On the contrary, molecular dynamics (MD) simulations are atomistic and based on microscopic concepts and are therefore more appropriate. They may be used to directly provide comprehensive information during the material deformation and are a powerful tool in the nanoscinece and nanotechnology[].  
Recent developments in computational techniques have facilitated the theoretical simulation of large systems. So far, extensive MD simulations have been performed for various metallic nanowires ADDIN EN.CITE []. The effect of size on structural strength has been concerned as a key issue recently. Material strength increases with decreasing grain size in polycrystalline metals. When a nanowire is shorter than 10 nm in length, simulations have demonstrated that the balance between surface stress and interface stress plays the dominant role ADDIN EN.CITE [, ]. By controlling the size of the structure, Halperin et al.[] found an effect of size oin the mechanical properties of the system whilhen the periodic atomic structure is destroyed and the density of atoms in the top layer is decreased. Liu et al.[] studied the deformation behavior of copper nanowires of various lengths and found that the effect of the surface becomes dominant when reducing the nanowire size. It has been also demonstrated that MD simulation is a powerful tool in the study of surface effects. McDowell et al.[] compared a series of surface facets including [], [] and [] and demonstrated that the geometry and the surface properties significantly affect the elastic modulus of nanowires. In order to distinguish the particular surface effect, Yang et al.[] constructed a series of nanowires with 11 different side surfaces and found that nanowires with the side surface of (1000) and (10100) have higher modulus than average and those nanowires with (1040) and (1070) side surfaces have a lower modulus. In addition, increasing the indices of crystal faces from (1000) to (10100), the position where the first dislocation is generated shifts from the edge to the surface center. 
MD simulation has also been proved to be important in the study of interfacial effects in material science. It has been demonstrated that grain boundary slip, migration, distortion and diffusion are dominant mechanisms in the deformation process of polycrystalline nanowires[]. Using MD calculations, Spearot et al.[] simulated the effect of grain boundaries on the stretching strength in the <100>||<110> bicrystal system along the <100> and <110> axes. The results demonstrated that grain boundaries are more dominant than the surface in determining failure mechanisms and modes. Wang et al.[] have studied the mechanical deformation of bicrystalline metallic nanowires with [110]||[100], [111]||[100], and [111]||[110] interfaces. They found the breaking position is dependent on the nature of the interface. The breaking only occurred at the interface for [110]||[100] interfaces. 
The temperature is another key issue for the mechanism of the mechanical stretching of nanowires, because ofdue to the kinetic energy of atoms in the system. The thermal movement of atoms affects the atomic configuration of a metallic junction as well as the electron transport behavior as demonstrated by high-resolution transmission electron microscopy together with molecular dynamics simulation.[] The temperature may also affect several other properties such as the formation of the linear monoatomic chains[], the mechanical properties of the nanowires[, ] and the most probable breaking positions[].
The above simulations focus on nanowires that have simple cuboid geometries.  However, real materials are not atomically sharp or flat and do contain surface texture and imperfections. The introduction of a specific nanostructure on the surface of a nanowire may give rise to different mechanical behaviors. Therefore, in this work, we modeled a series of nanowires with convex and concave geometry for comparison to simple cuboid shapes. Their deformation under uniaxial tensile loads have been simulated using a MD method. The results will benefit the design and rationalization of nanomechanical structures and devices. 

2.	Simulation method
In order to understand the mechanical deformation behavior as well as the distribution of the failure position within a nanodevice, we have constructed cuboid copper nanowires with dimensions of 11.6×13.0×25.3 nm3 and ~90 thousand atoms along the [100] direction as shown in Figure Scheme 1. Simulation of the deformation behavior was conducted by stretching along the nanowire axis with a constant speed. The stretching direction is defined as the z direction. A single-crystal nanowire was used as a reference structure in this study, being denoted as (SC-NW). The convex NW was supplementary to the SC-NW by adding a thin band of 10 lattice constants (3.615 nm) in width and 2 lattice constants (0.723 nm) in thickness around the middle of the nanowire. Similarly, to create a concave nanowire, a thin band of 10 lattice constants in width and 2 lattice constants in depth was removed from the middle of the nanowire. 
MD simulations were performed using self-developed software NanoMD[]. A constant strain rate of 0.16% ps-1 that falls into a quasi-equilibrium stretching state was used in all simulations[]. The embedded atom method (EAM) potential[] parameterized by Johnson[, ] as given in equation (1) and (2) was adopted to calculate the atomic interactions among the Face Centered Cubic (FCC) copper atoms. 
,            (1)
                      (2)
where E is the total internal energy of the system, V is the pair potential between atoms i and j, and rij is the distance between them, F(i) is the energy to embed atom i in an electron density i, (rij) is the electron density at atom i due to atom j as a function of the distance rij. To simulate the working conditions of the structures, a free boundary condition was applied in all three spatial dimensions to model the isolated columnar nanowires. Compared to the periodic boundary condition, the free boundary condition may be used to exert a load force more easily and flexibly. Prior to any imposed stress, each sample was equilibrated at a given temperature. It is found that the system energy becomes stable after ~60 ps. In order to attain an essential equilibrium state of the system, it is incubated for 256 ps to relax out the energetically unfavorable configurations in the systems. In order to be able to carry out a statistical analysis of the breaking distribution, each system includes 300 independent samples, which consecutive samples have 2000 MD steps difference. The simulations were conducted at a constant temperature of 10 K. 
The average stress within the nanowire is computed by a virial scheme[]. It is expressed in terms of the EAM potential[] functions as given in equation (3),

        (3)

where zz is the atomic stress tensor of atom  in the zz direction,  and m are the atomic volume and mass, and z is the velocity component in the z direction. Parameters , F,  and f are obtained from the EAM potential. The first and second terms on the right-hand side of equation (1) represent the thermal and atomic interactions, respectively. The stress along the z direction is averaged for the all atoms in the same xy plane. To draw the stress distribution along the z-axis, the length of the nanowire is normalized by defining the length of the nanowire as a unit. The atomic coordination and the stress are recorded every 3000 MD steps for further analysis.   
In order to study the structures of plastically deformed polycrystralline nanowires in detail, different types of defects are identified by means of the centro-symmetry parameter[]. The centro-symmetry parameter is defined as

                 (4)

where pi is the centro-symmetry parameter value of atom i, D0 is the nearest-neighbor distance, and Rj and Rj+6 are the vectors corresponding to the six pairs of opposite nearest neighbours in the crystalline lattice. The value of pi reveals the property of the atoms in the metal, for reference, pi less than 0.4 corresponds to FCC packing. The pi between 0.7 and 1.2 stands for the stacking faults, corresponding to the HCP atoms in particular. The atoms with pi value greater than 1.2 are treated as other atoms for discussion in the text. 

3.	Results and discussion
3.1 The temperature dependence of the potential curves and stress-strain relations
The average potential energy and strain relationship for the three samples are shown in Figure 1. In the initial stage, we observe that the potential energy increases in a parabolic form (E = kx2)[] till an energy maximum is reached, consistent with elastic deformation. The elastic constant k has the values of 0.330, 0.342 and 0.324 meVnm-2, respectively, for SC-NW, convex NW and concave NW. Thereafter, the potential energy experiences a quick decline with increasing strain, followed by a slow increase with slight fluctuation. This stage is, usually, considered to generate a number of dislocations and slips in the crystalline grains as also observed for other nanowire systems[]. Compared to the single-crystal nanowire, the convex and concave nanowires behave differently. The convex nanowire looks similar to the single-crystal nanowire, showing a continuous increase of potential energy with increasing strain. However, the potential of the concave nanowire remains almost constant after the quick potential drop. This behavior is similar to the nanowire with a hole-defect, indicating the concave structure more energetically stable[]. This comparison also proves that the mechanical properties of the samples depend on the specific shape.   
The stress-strain relationships also reveal some key information about the mechanical properties of the system at the macroscopic scale. Figure 2 shows the tensile stress-strain curves of the three samples. The tensile stress increases linearly with strain up to a peak stress and then decreases continuously for all three nanowires. The linear dependence of the stress on the strain indicates elastic behavior as expected for many single crystal nanowires[, ] as well as polycrystal nanowires ADDIN EN.CITE <EndNote><Cite><Author>赵健伟</Author><Year>2018</Year><RecNum>86</RecNum><DisplayText>[42, 43]</DisplayText><record><rec-number>86</rec-number><foreign-keys><key app="EN" db-id="seattewx4fptdoetfaopvapg5xxxx5tee2ex">86</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>赵健伟,</author><author>程娜,</author><author>汪秀秀,</author><author>余刚,</author><author>Colm, Durkan</author><author>王楠,</author></authors></contributors><titles><title>多晶粒银纳米线形变机理对温度依赖性的分子动力学研究(英文)</title><secondary-title>无机化学学报</secondary-title></titles><periodical><full-title>无机化学学报</full-title></periodical><pages>43-54</pages><volume>34</volume><number>1</number><dates><year>2018</year></dates><urls></urls></record></Cite><Cite><Author>Wang</Author><Year>2010</Year><RecNum>87</RecNum><record><rec-number>87</rec-number><foreign-keys><key app="EN" db-id="seattewx4fptdoetfaopvapg5xxxx5tee2ex">87</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Wang, Fenying</author><author>Xing, Yin</author><author>Wang, Dongxu</author><author>Liu, Yunhong</author><author>Nan, Wang</author><author>Gao, Yajun</author><author>Zhao, Jianwei</author></authors></contributors><titles><title>The interface and surface effects of the bicrystal nanowires on their mechanical behaviors under uniaxial stretching</title><secondary-title>Journal of Applied Physics</secondary-title></titles><periodical><full-title>Journal of Applied Physics</full-title></periodical><pages>1145</pages><volume>108</volume><number>7</number><dates><year>2010</year></dates><urls></urls></record></Cite></EndNote>[26, ]. The yield stress and yield strain are useful parameters to help identify the deformation mechanisms. Although the yield behavior shows some discrepancy amongst the samples, we can still observe some general trends in the data. In order to give definitive results, we have performed 300 simulations under each condition and made carried out a statistical analysis of the yield stress and the yield strain as shown in Figures 3 and 4, respectively.. 
Figure 3 compares the yield stress values for the three samples. In general, the yield stressthere is not a does not show a significant difference between SC-NW and convexsingle-crystal and convex NWnanowires. As statistically summarized from the 300 samples, the yield stress of the convex nanowires is 9.56 GPa with a standard deviation of 0.41 GPa. This is very close to the single-crystal copper nanowire that has a little larger yield stress of 9.64 GPa with a narrower standard deviation of 0.35 GPa. This result is also similar to those reported previously ADDIN EN.CITE [28, 5], and also consistent with experimental measurements[6]. It is interesting to note that the convex nanowire seems to be strengthened due to the additional convex structure on the nanowire, but the strengthening is not very obvious. In a macroscopic viewpoint, a material with strengthened structure might may have stronger mechanical properties. However, this understanding is not always prominent in the nanoscale materials due to the existence of many discontinuous metallic bonds around the convex structure. On the contrary, when a concave geometry is formed on the single-crystal nanowire, the yield strength is reduced significantly to 8.21 GPa with a standard deviation of 0.36 GPa. From the yield stress we can conclude that the concave structure is more perceptible than the convex structure in the material mechanical properties.  
Figure 4 shows the statistical analysis of the breaking strain that reflects the ductility of the materials[7]. Although the difference between the three samples is not very particularly prominent, some subtle characters differences can still be noticed. For the single-crystal nanowire, the mean yield strain is located at 0.244 with a standard deviation of 0.010 width. When the convex nanowire is tested, it slightly shifts toward lower strain (0.2350.008), indicating that the nanowire becomes slightly brittle. Compared to the convex nanowire, the shift of the yield strain of the concave nanowire (0.2230.008) is larger, suggesting that it becomes even more brittle. The yield strain is sensitive to the initial structure of the nanowire [48], the temperature[48], the stretching speed[49], but less dependent on the nanowire length[43]. Therefore, the comparison of the yield strain indicates that both single crystal nanowire and convex nanowires may have similar deformation mechanisms, that is are different to those for within the concave nanowires.
  
3.2 The bBreaking distribution of the three samples
Many experimental and theoretical investigations have proved that some physical properties of structures follow a statistical distribution in at the nanoscale for example, the conductance of single molecules or atomic chains[50], formation probability of monoatomic chains ADDIN EN.CITE [28, 1], lifetime of the metastable state of the hollow gold nanoparticles[2]. Among these properties, the breaking position is of great importance, because as it is the an indicator in the prediction of the material fracture. Figure 5 shows the distribution of the breaking position of the three samples. In the present study, the stretching speed is 0.16% ps-1, corresponding to the absolute value of 40.6 ms-1. This stretching speed falls into a quasi-equilibrium stretching state[, 3]. Therefore, the large probability of the breaking position is located at the nanowire ends. However, it is clear that the central part from 0.3 to 0.7 has also a population wave distribution with a large span as shown in Figure 5a. Even though the total accounts in this range are not as large as the two peaks at about 0.1 and 0.9, the population is still visible and can be fitted with the Gaussian function. 
For the convex nanowire, the supplementary nanostructure seems to serve as the a reinforced coating that impedes the breaking around the middle of the nanowire. Therefore, there is no breaking distribution from 0.4 to 0.6 as shown in Figure 5b, which is very different from the single-crystal nanowire. We also noted that the main waves positions of breaking distribution reveal a more pronounced asymmetry. This is because a FCC copper material is used to construct the nanowire, and the periodic ABC structure leads to the structural asymmetry[4]. Despite the asymmetric feature and the vacant population from 0.4 to 0.6, the others of the distribution is similar to the single-crystal nanowire. This statistical results indicate that the convex nanowire has similar deformation behavior to the single-crystal nanowire. This behavior is also comparable to the metallic nanowire with slight stretching in which only a few dislocations are generated[5] and the nanowires with structural defects[48].
Where the concave nanowire is concerned, the breaking distribution is completely different to both the single-crystal and the convex nanowires as presented in Figure 5c. The two main distribution peaks at 0.1 and 0.9 are significantly reduced to less than 1/5 of the equivalent peaks in the single-crystal and the convex nanowires, indicating that the fracture behavior of the system is a strong function of the geometry. Unlike the convex nanowire, a significant proportion of breakages occur in the concave nanowire at or near the centre, in the range of positions from 0.4 to 0.6. Especially, there are two new distribution peaks at the edges of the concave structure, i.e., at 0.42 and 0.59, though they show an asymmetric character. 
However, the breaking strain distributions are not as obvious as the breaking position distribution among the three samples as shown in Figure 6. Both distribution histograms of single-crystal and convex nanowires can be fitted with a Gaussian function (Figure 6a and 6b). The distribution histogram of the concave nanowire shows a positive-skewed distribution feature with a slight negatively shifted peak as shown in Figure 6c, indicating that the concave structure makes the nanowire more brittle. In a present publication, is has been demonstrated that more dislocations generated in the metallic nanowire may also lead to the brittle feature of a nanowire[5]. 

3.3 Atomic configuration during application of tensile stress            
As a reference, Figure 7a reveals the atomic configuration of a single-crystal nanowire at a series of tensile stages. We do not observe any clear structural variation far from the yield point as the system remains in the elastic deformation region. However, when the system is close to the yield point (strain=0.23), several dislocations are generated at the edge of the cuboid nanowire as also shown in other similar systems []. At the yield point (strain=0.25), a series of slip planes develop along the {111} facets. Continued stretching facilitates the propagation of these slip planes and the generation of further ones[]. When the slip planes reach the fixed layers, they can be reflected back and then interact with the previous ones. As a result of this, the region close to the nanowire ends becomes amorphous, significantly increasing the plastic property[]. These regions are more sensitive to the stress exerted. Therefore, the necking takes place in these regions, leading to the final breaking. These observations prove that the most probable breaking position for single-crystal nanowires is at the nanowire ends.    
Figure 7b shows the atomic configuration of a convex nanowire at different tensile strains. Compared to the single-crystal nanowire, the convex structure contains additional microstructure that plays a special function in the mechanical device. However, this structure also increases the number of the low-coordination atoms, i.e., the active atoms in the system[48]. Therefore, the mean energy per atom is increased. One may also expect that this structure plays a role in the material deformation and the final fracture. From Figure 7b we can observe a number of initial dislocations generated around the convex structure even far from the yield point. At a strain of 0.21, before the yield point, some other dislocations in the nanowire body are generated together with those around the convex structure, showing similar features as for the single-crystal nanowire[]. This structural feature also indicates that both single-crystal and convex nanowires have a similar deformation mechanism. At the yield point (strain=0.23), a few slip planes propagate across the convex structure toward the opposite side, demonstrating that the convex structure does not impede the propagation of the slippage. Therefore, the convex structure cannot be dominant in the nanowire deformation under uniaxial stretching. Further stretching results in the generation of more slip planes in the nanowire, which behave similarly as those in the single-crystal nanowire. Taking 0.28 and 0.50 strains as examples, a large number of parallel slip planes spread over the nanowire, some of which are reflected from the fixed layers and interact with each other. Therefore, the necking again occurs mainly at the nanowire ends. Although the supplementary convex nanostructure is exerted on the nanowire, the atomic configuration does not show obvious difference from the single crystal nanowire, demonstrating that they have the similar mechanical properties as well as the breaking behavior as shown above.
On the contrary, the concave nanostructure fails far more readily as shown in Figure 7c. At a strain of 0.19, a few initial dislocations appear throughout the concave structure even though this stage is far from the yield point. Even though the concave structure is energetically more stable than the convex structure, the geometric shrinkage still results in a series of unique mechanical properties, such as the reduced yield stress and yield strain and the smaller Young’s modulus. In the aspect of the dynamic behavior, the concave structure also serve as the source of the dislocations. This is very similar to other structural defects[6]. At the yield point (strain=0.21), some slip planes propagate in the concave region, and some others propagate beyond it due to the increased kinetic energy of the atoms[57]. With further stretching, more slip planes are generated in the concave region, facilitating the local melting, necking and the final breaking as shown in the next consecutive snapshots[]. Comparing with the convex nanowire, the slip planes are mainly concentrated in the concave region and the bottom part of the nanowire. 

3.4 Stress distribution along the stretching axis   
 Information about the local stress may offer insights into the deformation of structures under stretching. Depending on the geometry, the stress distribution can be categorized to separately in terms of the axial distribution[40] and the radial distribution. In the present study, the stretching is conducted along the nanowire long axis, therefore we will look at the axial distribution of stress. Figure 8 compares the axial distribution of stress of the three samples at different stretching stages. 
Figure 8a reveals the stress distribution along the stretching axis for the single-crystal nanowire. At beginningInitially, the stress is uniformly distributed over the nanowire with a fluctuation around the zero stress. Upon stretching, the stress distribution moves upincreases quickly. It reaches the maximum around the yield point as illustrated by the curve of 0.28 strain. All these features are very similar to other nanowires with structural defects such as grain boundaryboundaries[26, 57]. After the yield point, a series of dislocations and slip planes are generated, releasing the system’s stress. Therefore, the stress curves reduce gradually in the strain region between 0.58 and 1.60. We can also clearly see that a stress peak appears near to the right end of the nanowire, although the peak position is not stable. At a very late stage of stretching (strain=1.95), a very sharp peak of stress at the right end comes out, indicating the final breaking position of the sample. At the same time, another peak of stress appears at the other end, suggesting that the system has two breaking distribution peaks. However, its peak height is lower than the right one, consistent with the right breaking position for the present case.       
Figure 8b shows the stress distribution of the convex nanowire at different stretching stages. From the figure we observe a unique feature, a stress decrease, at the convex structure. In general, an increased local stress is the original driving force for the structural deformation.[57] However, in the convex nanowire, an opposite effect, i.e., a stress decrease was observed. Although there is no strong evidence that the decreased stress may stabilize the nanowire during stretching, it certainly could no’t destroy the structure as the local stress is smaller than elsewhere. Besides the stress decrease, we observe several other features from the stress distribution. At a strain of 0.5, the distribution still keeps remains almost symmetric, but a stress valley occurs. With Upon further stretching, the right switch side of the distribution curve decreases significantly, whereas the left remains. At 1.25 strain, a stress peak appears close to the nanowire end at the right side, showing a very similar feature as the single-crystal nanowire as well as the bicrystal nanowire with grain boundary[26, 57]. This feature becomes very clear when the strain is larger than 1.90. Interestingly, we observe a very sharp peak of stress at a strain of 2.60, indicating the breaking position is located at the same position. Comparing the single-crystal and convex nanowires, we find that they have similar characteristics of the stress distribution apart from the stress valley in the convex structure. Therefore, they possess the similar breaking position distribution as given in Figure 5, except the region of the convex structure. The stress valley is entirely as expected due to the fact that the cross-sectional area is larger in the convex region, so the tensile force is spread over a larger area resulting in a lower stress thers.
Unlike the single-crystal and the convex nanowires, the concave nanowire reveals a different stress feature that may explain the distribution of breaking position as well as the deformation mechanism. In particular, as shown in Figure 8c, a stress hump is found on the stress curve in the place of the concave structure. This stress hump emerges even before the yield point. Nevertheless, the hump reaches a maximum around the yield point, which, then, gradually decreases. At the final stage of the stretching, there is also a sharp stress peak in the curve as also shown in other nanowires[26, 57]. However, the peak is located at the edge of the concave structure, inferring that the breaking will take place there. Along the same lines as discussed for the other geometries, the concave region has a reduced cross-sectional area than the regions on either side, so the applied tensile force is spread over a smaller area, resulting in a larger stress there. It should be pointed out that for both the concave and convex structures, the change in stress within the modified part around the middle is significantly greater than expected purely on the basis of the change in cross-sectional area. This indicates that the dominant reason for the change is due to the effect these structures have on the propensity for defect formation and subsequent propagation rather than a pure geometric effect. It should be also noted that the stress declines from the nanowire terminals to the middle part. This might infer that the tensile rate is high that the strain-wave propagation speed does not have the enough ability to make the system reach and equilibrium state[58, 59].
The comparison of the stress distribution along the stretching direction gives convincing evidence for the material deformation as well as the breaking mechanism of the series of nanowires. Especially, the sharp stress peak at the final stage of stretching is a key indicator of the breaking position as well as the wave location of the breaking position distribution. Therefore, the axial distribution of stress is an important analysis method for understanding of the nanowire stretching.  

4. Conclusions
In this work, the effect of the convex and the concave structures modified on the copper nanowires have been studied using MD simulations. The deformation behavior and the breaking distribution of the two series of nanowires under uniaxial tension have been analyzed statistically with 300 independent samples, drawing the solid conclusions. Without neither the convex nor the concave geometry, the breaking position is distributes distributed over the nanowire with  three preferential positionsobvious three Gaussian shape waves. The initial dislocations are generated randomly on the edge of the nanowire. For the convex nanowire, the initial dislocations emerge randomly beyond the convex nanostructure, and the breaking distribution is, therefore, similar to the single-crystal nanowire except the convex structure region, due to the structural strengthening. The concave nanowire behaves oppositely because of the concentration of stress on it. It is, therefore, observed that the edge of the concave structure is the main source of the dislocations, which may also significantly increase the breaking probability. The consequence of this is that the local geometry of nanostructures plays a dominant role in determining the nature and location of mechanical failure.  Our observations show that the behavior of copper nanowires is exactly the same as is observed for macroscopic systems.
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Scheme 1 Schematic diagram of the simulation system.  . Simulation system isThis was inspired by a nanodevice, a pair of nanogears for example. By a simplification, single-crystal nanowire, convex and concave nanowires are extracted. 

Figure 1. Potential energy curves of the three samples during stretching. 

Figure 2. The stress-strain curves of the three samples. 

Figure 3. A statistical analysis of the yield stress of a) single-crystal nanowire, b) convex nanowire, and c) concave nanowire.

Figure 4. A statistical analysis of the yield strain of a) single-crystal nanowire, b) convex nanowire, and c) concave nanowire.

Figure 5. A statistical analysis of the breaking positions of a) single-crystal nanowire, b) convex nanowire, and c) concave nanowire.

Figure 6. A statistical analysis of the breaking strains of a) single-crystal nanowire, b) convex nanowire, and c) concave nanowire.

Figure 7. Tensile yielding of Para2-16 at (a) 10K; (b) 150K; (c) 250K.

Figure 8. Tensile yielding of Para2-24 at (a) 10K; (b) 150K; (c) 250K.

Figure 9. Hall-Petch Strengthening is limited by the different temperature.


Scheme 1 







Figure 1












Figure 2









Figure 3







Figure 4






Figure 5









































Figure 6







Figure 7







Figure 8














